The increase of herd sizes hinders the capability of the dairy farmer to timely detect illnesses. Therefore, automatic health monitoring systems are deployed, but due to their high energy consumption, the application possibilities remain limited. In this work, a wireless, inductive charging solution for dairy cow monitoring is designed. This system is mounted at the eating trough, and the amount of energy transferred each eating turn is determined experimentally. For the first time, inductive wireless power transfer is used to charge on-body sensor networks for cattle. Measurements at a research farm on 40 dairy cows show an average energy transfer of 96 J per meal, for an average eating time of 160 s. It is demonstrated that inductive power transfer is a viable technology to resolve the energy provision challenge for the automatic and real-time health monitoring of dairy cows.
Introduction
Dairy farmers aim at increasing their herd size, either out of necessity to survive in a cost competitive market or to generate more profits [1] . The more dairy cows on the farm, the more milk can be produced per euro of investment, leading to a lower relative cost [2] . This desire to increase the herd size on a farm can be seen in the numbers: in the United States, the average dairy cow herd size increased by 325% between 1980 and 2004 [3] . Also in the European Union, the number of cows per farm is increasing with a growth of 30 % between 2007 and 2010 [4] .
The total cost of milk production consists of many different components, e.g., 10 machinery, land costs, veterinary costs, buildings, animal purchases,. . . By far, the two most expensive components are feed and labor costs [5] . An increasing farm size does not necessarily guarantee a lower cost per unit of produced milk since the associated labor cost can cancel out the added cost reduction. Indeed, if the herd size is limited, the farmer has the ability to individually follow up 15 all the cows frequently. However, the larger the herd, the more labor intensive and less practical it becomes for the farmer to monitor all the dairy cows.
Nevertheless, a strict monitoring of all cows remains necessary to timely detect anomalies in the health of the farm animals as a late detection may lead to significant costs. For example, a cost of at least 150 euro is associated with a 20 missed case of mastitis or per missed calving and 250 euro or more per missed heat or per late detection of lameness [6, 7] .
To manage the increasing herd size in an economically efficient way, the farmer can rely on automatic health monitoring systems for the collection and interpretation of animal data. Even for farms with less than a hundred dairy 25 cows, automatic animal monitoring can be economically beneficial since it reduces the associated labor [2] .
Automatic monitoring systems can be implemented for the detection of illnesses, predicting the calving moment, and tracking the movement and location of the animal [8, 9, 10, 11, 12] . On-body sensors allow measuring different 30 parameters of the animal, which can be wirelessly transferred to a back-end server for data interpretation [13, 14] . The back-end system can, when a possible anomaly is detected, alert the farmer through portable electronics, e.g., the farmer's smartphone ( Fig. 1) . A timely detection and reliable interpretation of the data requires a near-real-time collection and processing of the measurements. transferred to a back-end server for data interpretation. The back-end system and the onbody system can share its information with the farmer's portable electronics and e.g., alert the farmer when a possible anomaly is detected. The on-body health system is wirelessly charged at a feeding trough.
3 Table 1 lists several important animal monitoring systems available on the market, the parameters they monitor and which anomalies they detect. The systems listed in the table all monitor only one or two parameters at once, often not in real-time. None of them combine multi-parameter information.
Medria, eCow and Nedap have the expertise to monitor multiple parameters 40 (e.g., movement, temperature, or location), but these features require separate systems (e.g., Heatphone, San'Phone and Vel'Phone). An integrated animal monitoring system which is able to detect several different parameters as illness, calving, movement and location at once currently not exists. This requires the farmer to buy and integrate different measurement solutions.
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An important barrier for an integrated system is the high energy consumption. Indeed, powering different accurate sensors and wirelessly transferring the data in real-time to a back-end server requires a significant amount of energy.
Even when only one or two parameters are measured, the lifetime of current devices are often limited. Solutions that claim a lifetime equal to the cow's 50 lifetime have to focus on only one monitored parameter (Table 1) . Therefore, in a lot of systems, the farmer has to manually replace the battery every few months or every year. This contradicts with the objective of a maintenance-free, automatic health system to reduce the labor cost.
A solution to the above problems is wirelessly charging the monitoring sys-55 tem at the drinking or eating trough by inductive coupling (Fig. 1 ). In this way, the system can wirelessly receive enough energy every day to continue operation.
As a result, not only more energy can be made available to the system, allowing the real-time measurement of multiple parameters, but the system allows for a maintenance-free solution during the entire lifetime of the cow, under the con-60 dition that the lifetime of the sensors (including their reliability and accuracy) is sufficiently large. Moreover, the wireless charging avoids the regular replacement of single-use batteries, leading to a reduced impact on the environment.
By installing a transmitter coil at an eating trough and a receiver coil in the collar (which can serve as a central hub for on-body sensors), wireless power transfer can be realized during the eating time slots at a dairy farm. Measure-5 ments were performed at a dairy farm on 40 lactating cows to experimentally determine how much power transfer can be expected through inductive coupling every time the cow eats. This allowed to determine the daily energy transfer, leading to an evaluation of the feasibility of using inductive coupling as a way to 70 wirelessly charge automatic on-body health systems for dairy cows. The main novelty of this work is that, for the first time, inductive wireless power transfer was applied to charge on-body sensor networks on cattle.
The paper is organized as follows: in Section 2, the principle and background for wireless inductive charging is described. In Section 3, the methodology for 75 our setup is discussed. Finally, the results of the field tests with dairy cows can be found in Section 4.
Inductive wireless charging
To wirelessly charge the system, the principle of inductive coupling is applied: an alternating current through a transmitter coil generates a time-varying 80 magnetic field ( Fig. 2a ). This field generates an alternating voltage in a receiver coil, thus enabling energy transfer from the transmitter to the receiver coil, located in the collar of the cow.
Inductive wireless power transfer has already entered the market, as well for low power (e.g., electronic portable devices) as higher power applications (e.g., [18] , moving vehicles (e.g., automated guided vehicles or drones) [19, 20] , or moving electronic portable devices [21, 22] . For this application, the coupling between transmitter and receiver is highly variable in time. Non-static wireless power transfer differs from a static system in three areas.
• The vertical distance between the transmitter and receiver coil is variable, and ranges from a few cm to tens of cm, whereas in a static ideal system, 100 the vertical distance is constant and small, often only 5 to 10 mm.
• The lateral position between the transmitter and receiver is variable, resulting in an additional circumstance that contributes to a variable coupling. Sometimes, the coils are well-aligned, leading to a reasonable coupling ( Fig. 2a ), but often, the lateral alignment is not optimal (Fig. 2b ).
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Obviously, for a static ideal configuration, the transmitter and receiver coils are not only close to be perfectly aligned, but also the coupling remains constant.
• Finally, the receiver can be tilted, changing the angle between the transmitter and receiver plane.
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In this study, a non-static, inductive charging system is proposed and exper-imentally investigated, installed on the collar of a cow. As far as we know, this is the first time inductive charging is applied for dairy cows. More specifically:
• The optimal wireless power transfer setup for this application was determined.
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• The average amount of power transfer during one eating turn was measured.
• The energy transfer per day was determined by experiments with cows, allowing for an evaluation of the feasibility of wireless power transfer for on-body dairy cow sensors. The question arises where the on-cow system can be most easily charged.
It must be a location the dairy cow visits often, preferably at least once a day.
125
Different options are possible: the drinking trough, the forage feeding box, the concentrate feeding box or the automatic milking system. The first two options have the disadvantage that the cow often has a lot of lateral freedom to move.
This complicates the charging, since multiple transmitter coils would be needed to ensure that the receiver coil of the cow is located near the magnetic field 130 of the transmitter coil. Moreover, it would require a mechanism to detect to which transmitter coil the cow is the closest in order to activate that specific coil.
Furthermore, at a farm, the dairy cows often have the choice between more than one drinking trough or forage feeding box. Therefore, the two best options are the concentrate feeding box and the automatic milking system. In both options, 135 the cow often has limited ability to move laterally, due to the presence of a railing. Also, the number of concentrate boxes and automatic milking systems at a farm is small, requiring only a couple of transmitter systems installed per farm, reducing the system cost for the farmer. 8 Receiver coil
Concentrate box
Transmitter coil 67 cm For this work, a common concentrate feeding box was used for the field 140 measurements ( Fig. 3 ), but analogous results can be achieved with the automatic milking system. The concentrate box is located in a research dairy farm at the Research Institute for Agriculture, Fisheries and Food Research in Melle (ILVO),
Belgium. The railing has a width of 67 cm and allows for a single cow to eat.
The circular feeding bowl of the box has a diameter of 40 cm. A transmitter 145 coil, installed at the concentrate feeding box, allows the wireless charging of the receiver in the collar of the cow when eating. A detection mechanism is required to ensure the transmitter is only transmitting high power when a cow is present. The transmitter coil is secured onto a wooden surface and is attached, nearly horizontally, just before the circular feeding bowl, at a height of 43 cm from the floor. The depth of the circular feeding bowl is 25 cm. In this way, the distance between the transmitter and receiver coil is minimized when the cow eats as is 165 illustrated in Fig. 3 .
The transmitter and receiver circuitry
The receiver (Fig. 5 ) is located at the bottom of a box, attached to the collar of the cow. The efficiency is increased by adding a resonance capacitance C R in parallel, best suited for this configuration [23] . A preparatory study [24] concluded that supercapacitors are the most optimal choice as primary energy Not only the fencing, but the entire concentrate box is constructed out of metal ( Fig. 3 ). This is disadvantageous for the wireless power transfer, since 190 a changing magnetic field generates eddy currents within conductors, resulting in additional losses [25] . It is well-known that this effect can be prevented by
shielding the system with a ferrite layer [25, 26] . The ferrite layer will on the one hand shield the magnetic flux from the metal, and will on the other hand guide the magnetic field lines in the preferable direction. A ferrite layer is applied 195 below the transmitter coil and a ferrite core to the receiver (Fig. 6 ) to increase performance.
The transmitter coil is constructed from the same single isolated Cu wire 11 125 mm 95 mm with a cross section of 1.5 mm 2 . The shape of the concentrate feeding box allows in practice only for a planar coil. Two options are possible.
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The first option is a nearly circular transmitter coil with the same dimensions as the receiver coil ( Fig. 6 ). For static applications, this approach is often applied, since the more the transmitter and receiver coil match in dimensions, the higher the possible power transfer. However, for non-static applications, this approach is not necessarily optimal. The disadvantage is that, even though 205 the power transfer is maximized with this configuration, this maximum is only achieved when the receiver coil is nicely aligned with the transmitter coil, at the center of the concentrate feeding box, as shown schematically in Fig. 2a . If there is a lateral mismatch between the transmitter and receiver coil, as shown in Fig. 2b , the power transfer drops significantly.
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The second option is to choose for a long elongated transmitter coil, spread out over a large portion of the concentrate box. In this way, a lateral displacement of the receiver coil (as shown schematically in Fig. 2c ) will still allow for power transfer, although the total power transfer will be less as for optimally positioned identical coils. To determine the optimal choice, the two configurations were built to perform measurements. The first transmitter coil had the same dimensions as the receiver coil, i.e. a small oval planar coil with 5 exterior turns, external dimensions of 125 mm x 95 mm and an inductance and quality factor of 7.7 µH and 87, respectively ( Fig. 2a, b ). The second configuration used an elongated 5-turn the second configuration with a much more elongated oval transmitter, a lateral displacement from 0 to 8 cm does not considerably change the energy transfer ( Fig. 7) : in 15 s, 60 to 74 J of energy is wirelessly transferred to the receiver.
As was expected, the largest energy transfer can be achieved by using the first configuration in the condition of good alignment. These measurements indicate 240 that if the lateral displacement remains limited to about 4 cm, a small oval transmitter is preferable. Otherwise, an elongated oval transmitter is preferred.
Field tests

Preparatory measurements
Preparatory field measurements were performed on the dairy farm ILVO.
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The receiver was attached at the collar of different cows (Fig. 3) . The time the cow eats at the concentrate was manually timed for 32 eating turns. An average of 142 s was found, with a standard deviation of 95 s. The average energy transfer per eating turn for the different preparatory field measurements was 0.2 W. It was visually noticed that during eating at the concentrate box, 250 the lateral distance between the transmitter and receiver was in the majority of time more than 5 cm. It was quite obvious from the field tests that an elongated transmitter is needed to optimize the energy transfer. The lateral position of the receiver is simply too variable to ensure an optimal power transfer with a small transmitter.
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During this field test, it was also noticed that the receiver coil in the collar is mostly slightly tilted (about 10 degrees) with respect to the horizontal plane.
Therefore, the transmitter coil was tilted to 10 degrees to the horizontal plane in order to achieve a better alignment with the receiver (Fig. 8 ).
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Receiver coil
Transmitter coil 10°F igure 8: The transmitter coil is 10 degrees tilted with respect to the horizontal plane. This figure shows a snapshot where the receiver is not optimally oriented to the transmitter, even though the cow is eating.
Extensive field tests 260
After these initial optimizations, extensive field experiments were conducted at the farm. The transmitter was installed with the above specifications at the concentrate feeding box ( Fig. 3 and 8 ). The receiver was attached at the collar of the cow. Each experiment consisted of one eating turn of a cow. A data logger registered every second the voltage over the supercapacitors, which is a measure 265 for the energy captured by the system. 40 measurements with different lactating Holstein-Friesian cows were performed. This sample size enabled us to make reliable estimates for the average values of the data [27] . Each measurement started at the moment the first energy transfer occurs, and ended when the cow left the concentrate feeding box. the distance and the orientation of the receiver coil to the transmitter are variable, resulting in different energy transfer rates. The wireless power transfer is zero when the cow stops eating and lifts her head, because the distance between transmitter and receiver becomes too large to continue energy transfer.
This can be observed in Fig. 9a as horizontal plateaus. On the other hand, 280 during some moments, the receiver is nearly optimally oriented, and the energy transfer is high. For example, between 22 and 34 s and between 43 and 50 s, an average power transfer of 7.0 and 8.5 W is realized, respectively. A peak power transfer of 14 W (at 42 s) was registered during this measurement. These higher momentary energy transfer rates validate the use of supercapacitors in-285 stead of a rechargeable Li-ion battery as energy buffer [24] . At 12 and 34 s, the measurements indicate a small decrease in the energy stored due to a charge redistribution over the different supercapacitors because of different equivalent series resistances. transferred to the receiver, leading to an average of 0.62 W. Some horizontal plateaus are present where the energy transfer is halted. For this measurement, the highest energy rate can be found between 58 and 74 s, corresponding with 2.1 W. This value is lower than the average power transfer of the measurement of Fig. 9a , indicating a less optimal orientation of the receiver than this previous 295 measurement, even when the cow is eating.
To illustrate the great variety of the measurements,an example of a measurement with low power transfer is given: Fig. 9c shows a measurement where the cows eats almost continuously during 257 s, with only short pauses. The energy transfer rate is fairly constant, at 0.11 W. However, during the eating Although this seems at first sight counter intuitive, this could be expected.
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When the receiver is badly oriented towards the transmitter, the energy transfer will be limited, whether or not the cow remains long at the feeding box. When the receiver is more optimally oriented, energy transfer is high, even if the eating the measurements is about a factor four lower at 0.73 W. The measurements with lower power transfer exceed the number of measurements with high power transfer (Fig. 12 ). The variability of the measurements is high with a standard deviation of 0.67 W. The weighted average over time results in 0.60 W. The total time a dairy cow eats at a concentrate feeding box per day is highly variable and depends, among others, on the setup and organization of the farm, economical considerations and the dietary requirements of the animal [31, 32] . It is therefore difficult to make an estimation of the expected daily energy transfer for a wireless power transfer system installed at a concentrate feeding box.
However, dairy cows often receive their concentrate in an automatic milking system [33, 34] . Due to the fixed position of the cow, an automatic milking system would also be an ideal location for power transfer. The time a cow spends at an automatic milking system is less variable per farm than for a concentrate feeding box, allowing us to make a more reliable estimate for the daily energy transfer. Ketelaar-de Lauwere et al. [34] reports a total time from 37 to 69 minutes per day per animal in an automatic milking system, distributed 350 over 2.5 to 3 milking times a day [35] . If the transmitter would be installed at an automatic milking system, an energy transfer of 1.3 kJ to 2.5 kJ per day could be expected, allowing the development of even more complex and integrated automatic health monitoring systems for dairy cows. However, it is possible that the positions useful for wireless power transfer in an automatic milking system 355 could be less prevalent than at a concentrate box. Therefore, field experiments at automatic milking systems are necessary to confirm the comparability with a concentrate box for this application. This will be part of future work.
This study was performed in the context of the design of a new automatic dairy cow health monitoring system that measures and analyzes in real-time 360 four different parameters: temperature, movement, position, and eating duration. This wireless power solution was developed in order to avoid battery replacements during the cow's lifetime. The collar of the cow contains the receiver coil for the wireless power transfer, but also serves as a central hub for on-body sensors: a position sensor and an accelerometer. The collar also con-365 tains an application processor for a first local analysis of the registered data, and two communication devices:
• An ultra-wideband radio for communication to a back end server.
• A near-field magnetic induction radio for communication with the lowpower temperature sensor, embedded in the ear-tag of the cow.
370
The experimental system has four primary goals:
• Detection of early signs of diseases, in particular fever and lameness. This can be realized by analyzing the activity of the cow (by the location sensor 20 and, in second order, the accelerometer measurements), the temperature throughout the day, and the drinking frequency (determined by the cycles 375 and duration of the presence of the cow at the drinking trough).
• Detection of heat, realized by mounting behavior (determined by the location sensor in the vertical axis and the accelerometer), social behavior (location sensor) and the cow calendar, coupled to a self-learning database on the back end server.
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• Detection of birthing moment, based on sensor fusion of the temperature monitoring, cow calendar, and restless/social behavior.
• Location of the animal on the floor plan on request of the farmer (e.g., on his/her smartphone). For this experimental system, an energy requirement of 0.2 kJ per 24 h 385 for continuous operation of this system was determined, mainly attributed to the location tracking requirements. Given the results of this work, it seems feasible that the system can work without any battery replacements during the cow's lifetime. However, long-time field testing was not yet performed and the robustness and reliability of the system, including the wireless power transfer 390 solution, is part of future research. Moreover, during certain time intervals, e.g., near the birthing moment, data should be collected and transmitted more frequently, which has its repercussions on energy consumption. More field tests are necessary to determine this impact.
Conclusion
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A wireless power transfer system for an automatic health monitoring system for dairy cows was designed. By inductive coupling, the system was wirelessly 
